A 3-year field experiment examined the effects of non-flooded mulching cultivation and traditional flooding and four fertilizer N application rates (0, 75, 150 and 225 kg ha À1 for rice and 0, 60,120, and 180 kg N ha À1 for wheat) on grain yield, N uptake, residual soil N min and the net N balance in a rice-wheat rotation on Chengdu flood plain, southwest China. There were significant grain yield responses to N fertilizer. Nitrogen applications of >150 kg ha À1 for rice and >120 kg ha À1 for wheat gave no increase in crop yield but increased crop N uptake and N balance surplus in both water regimes. Average rice grain yield increased by 14% with plastic film mulching and decreased by 16% with wheat straw mulching at lower N inputs compared with traditional flooding. Rice grain yields under SM were comparable to those under PM and TF at higher N inputs. Plastic film mulching of preceding rice did not affect the yield of succeeding wheat but straw mulching had a residual effect on succeeding wheat. As a result, there was 17-18% higher wheat yield under N0 in SM than those in PM and TF. Combined rice and wheat grain yields under plastic mulching was similar to that of flooding and higher than that of straw mulching across N treatments. Soil mineral N (top 60 cm) after the rice harvest ranged from 50 to 65 kg ha À1 and was unaffected by non-flooded mulching cultivation and N rate. After the wheat harvest, soil N min ranged from 66 to 88 kg N ha À1 and increased with increasing fertilizer N rate. High N inputs led to a positive N balance (160-621 kg ha À1 ), but low N inputs resulted in a negative balance (À85 to À360 kg ha
Introduction
Rice-wheat rotations are practiced widely along the Yangtze River Basin where they occupy a total area of about 13 million ha (Timsina and Connor, 2001) . These systems include the complete range from flooded rice to strategically irrigated or rain fed wheat. However, the amount of fresh water available for irrigation is becoming scarce and this threatens the sustainability of rice-based cropping systems (Bouman, 2001) . Lowland rice, which accounts for about 50% of the total amount of water diverted for irrigation in Asia (Bouman and Tuong, 2001) , offers great likelihood to save irrigation water because the physiological water requirement of rice (4500 m 3 water ha À1 ) is much smaller than its actual water consumption and is comparable to that of some upland crops (Guerra et al., 1998) . The management of crop straw and its impact on nutrient cycling and soil fertility are also issues that are important to agricultural sustainability. The traditional disposal method for rice and wheat straw in many parts of the world is burning (Yoshinori and Kanno, 1997) . The burning of wheat straw is popular in China because of the short turnaround time between the wheat harvest and rice transplanting in rice-wheat rotations. Estimated losses are up to 80% of N (Raison, 1979) , 25% of P and 21% of K (Ponnamperuma, 1984) in addition to the problem of air pollution. Furthermore, declining or stagnating yield have been observed in rice-based cropping systems (Cassman et al., 1997; Dobermann and Witt, 2000) . Improvements are therefore required in the management of soil, water and straw.
A new rice cultivation technique, non-flooded mulching cultivation, was introduced in the late 1980s. Lowland rice fields are irrigated and a shallow water layer is maintained before transplanting. The soil surface is then covered with plastic film (0.005-0.010 mm thick) or crop straw and the soil is maintained at 70-90% of water holding capacity or rain fed during the rice development stage (Liang et al., 2000) . Some experiments have tested the effects of this new cultivation technique on rice yield and soil fertility. Plastic film mulching (PM) led to increased or maintained rice yield Liang et al., 1999; Fan et al., 2002) , but soil organic C and soil total N in a paddy field under PM conditions were subject to depletion . Retention of crop residues on the soil surface increased organic C and total N in the top 5-15 cm of the soil (Rasmussen and Collins, 1991) , while straw mulching cultivation (SM) resulted in decreased or maintained rice yields (Liu et al., 2003; Fan et al., 2002) .
Nevertheless, information is still limited on the effects of non-flooded mulching cultivation of rice on the productivity and sustainability of rice-wheat rotations. A unique feature of lowland rice-wheat systems is the annual conversion of soil from aerobic to anaerobic conditions and then back to aerobic conditions. Non-flooded mulching cultivation alters the environment of growing rice through changes in soil water conditions and leads to a prolonged aerobic phase in rice-wheat rotations. This makes the conservation of soil organic matter and soil N in cropping systems difficult, especially under PM. Concerns have been raised on the potential of nonflooded mulching cultivation to affect the productivity of rice-wheat rotations. Furthermore, a change from traditional flooding (anaerobic) to non-flooded mulching (aerobic) and the effects of non-flooded mulching cultivation on soil temperature (Liu et al., 2003; Peng et al., 1999; Parker and Larson, 1962) are likely to exert large influences on N forms and availability and N cycling. Return of straw can also lead to temporary nutrient limitation due to microbial immobilization (Rao and Mikkelsen, 1976; Jenkinson, 1985) . It is therefore important to test interactions between varying N inputs and non-flooded mulching cultivation and their effects on productivity and N cycling in rice-wheat systems.
As part of our evaluation of non-flooded mulching cultivation, the objectives of the present study were to determine the effects of non-flooded mulching cultivation and fertilizer N application rate on crop yield, N uptake, residual soil N min and the net N balance. This information is required for the development of integrated management practices to optimize the productivity and sustainability of ricewheat rotations.
Materials and methods

Field experiment
A detailed description of the experimental site and soil, crop and water management has been presented elsewhere (Liu et al., 2003) . Briefly, the site was located at the center of Chengdu flood plain. The sandy loam soil contained 18.4 g kg À1 organic matter, 1.8 g kg À1 total N, 5.5 mg kg À1 Olsen-P and 40.0 mg kg À1 NH 4 OAc-exchangeable K. The soil is classified as Stagnic Anthrosols and has a pH of 7.2. The experiment was established in the year 2000.
Treatments were laid out in a split-plot randomized complete block design in triplicate. Main plot treatments were the three cultivation systems: traditional flooding (TF), plastic film mulching (PM) and wheat straw mulching (SM) in the rice season, and zero tillage cultivation in the wheat season. Split-plot treatments were four N rates: N0 (no fertilizer N for either rice or wheat), N1 (75 kg N ha À1 for rice and 60 kg N ha À1 for wheat), N2 (150 kg N ha À1 for rice and 120 kg N ha À1 for wheat), and N3 (225 kg N ha
À1
for rice and 180 kg N ha À1 for wheat) as urea. The N, P and K fertilizers (90 kg P 2 O 5 ha À1 as calcium superphosphate and 90 kg K 2 O ha À1 as potassium sulfate) were incorporated into the top 15 cm of the soil in all treatments by ploughing prior to transplanting of rice. In the wheat season, the P and K fertilizers (60 kg P 2 O 5 ha À1 as calcium superphosphate, 60 kg K 2 O ha À1 as potassium sulfate) and 50% of the N fertilizer were applied to the seedbeds of all plots just before sowing and the remaining half of the N fertilizer was broadcast in early February at the booting stage of wheat.
Traditional flooding and non-flooded plots were separated by a 2-m-wide alley using plastic film inserted into the soil to a depth of 60 cm, and other plots were separated by a 0.5-m-wide irrigation furrow and two 0.3-m levees. The size of all plots was 3 m Â 5 m. Plastic film, 0.005 mm thick and 1.7 m wide, was used to cover the soil in the PM treatment. Wheat straw, harvested from the same field (about 5250 kg DM ha À1 containing 26 kg N ha À1 ) was used to cover the soil in the SM treatment. The rice (Oryza sativa L.) varieties used, the hybrid 'Gangyou 527' in the first 2 years and 'Xiangyou 1' in 2002, were supplied by the Institute of Crop Science, Sichuan Academy of Agricultural Sciences (SAAS). The dates of rice transplanting and harvesting were late May (23-26) and mid-September (15-19) during the 3-year period from 2000 to 2002.
After the rice harvest each year, wheat (Triticum aestivum L.) was planted on the same plots with zero tillage and the removal of rice straw. In early November (2-6), the wheat variety 'SW3243', supplied by the Institute of Crop Science, SAAS, was sown directly into the soil at two spacings of 10 cm Â 15 cm and 10 cm Â 25 cm as bunch planting. Most of the residual plastic film was removed from the field before sowing the wheat in the PM treatment. The wheat was harvested in mid-May (10-17) the following year (from 2001 to 2003).
Soil and plant analysis
Soil samples from 0-20, 20-40 and 40-60 cm depths from all plots were collected with a 3-cm i.d. tube auger and separated into 20-cm depth increments at both wheat and rice harvests over the 3 years. Soil samples were frozen or refrigerated without delay. Within 12 h a 12-g moist soil sub-sample was extracted with 100 ml 0.01 M CaCl 2 . The extracts were analyzed for NO 3 À -N and NH 4 + -N by Continuous Flow Analysis (Bran and Luebbe TRAACS Model 2000 Analyzer). Simultaneously, another subsample was weighed in a pre-weighed aluminium can for determination of soil water content. Ammonium and nitrate values (mg kg À1 ) were converted to kg N ha À1 using soil bulk density concurrently determined with soil cores from each depth.
Grain and straw yields were determined by harvesting the whole plot without two border rows of each treatment. Rice grain yields were adjusted to 140 g kg À1 moisture content while wheat grain yields were recorded on a dry matter basis. The plant subsamples (grain and straw) were oven-dried for dry matter content at 60 8C for 48 h and were ground and analyzed for N by the micro-Kjeldahl procedure after wet digestion with H 2 SO 4 and H 2 O 2 . Nitrogen uptake was calculated as the product of N concentration and yield of aboveground parts of the crop on a dry matter basis.
Net N balance
The N balance was calculated by accounting for differences between the inputs and outputs. The calculations were made as follows:
net N balance ¼N additions through fertilizer; rainfall; wheat straw and irrigation À N removal by crop
Nitrogen inputs from irrigation water were computed from the estimated total amount of applied irrigation water (3300 mm in TF and 280 mm in PM and SM) in three rice seasons and measurements of ammonium and nitrate in the irrigation water which were made at 15-day intervals in the 2003 rice season. Other major pathways of N not measured included N inputs from biological N 2 fixation and dry deposition, gaseous N losses from ammonia volatilization and denitrification, and leaching. The calculated N balances therefore estimate only net gains or losses.
Climatic conditions
Temperature, rainfall and sunshine hours data are listed for each of the three experimental years (May 2000 (May -2003 in Fig season a relatively cold period commenced in November and December. While the timing of the rainy season is relatively predictable, there was considerable variation in the amount, intensity, and distribution of rain. Rainfall totals for the three cropping years were 624, 978, and 819 mm, respectively.
Statistical analysis
Analysis of variance was performed using a splitplot model to test for significance of treatments and means were compared by least significance difference (LSD) at the 5% level (SAS, 1996) .
Results
Grain yields
3.1.1. Effects of N rate on rice and wheat grain yields Significant grain yield responses to N fertilizer by rice and wheat were evident during the 3-year period (Table 1) . Every N-treated plot gave higher average grain yields than zero-N controls. Among N treatments rice grain yield showed an increasing trend with increasing N rate. However, there was no significant difference in rice yields between N2 and N3 levels. The wheat grain yields in N2 were higher than those in Under N2 and N3, there were no significant differences among the three systems in every season except 2002. Over the 3 years, average rice grain yields under PM increased by 14% and 2% with the lower N levels (N0 and N1) and higher levels (N2 and N3), respectively, while those under SM decreased by 16% and 4.7% compared with TF.
Under N0, wheat grain yields using SM were higher than those using PM and/or TF, with significant differences observed in the 2000/2001 and 2001/2002 seasons. In comparison to TF, the average wheat grain yields using SM increased by 18%. Clearly, wheat straw mulching (SM) of the preceding rice crop had a residual effect on the succeeding wheat. There were no clearly different trends in wheat grain yields between PM and TF over the 3 years, suggesting that plastic film mulching in the preceding rice season had no effect on the succeeding wheat.
Total system productivity
Total annual and mean system productivity for rice-wheat rotations as affected by N rate and nonflooded mulching cultivation are presented in Table 2 . System productivity for individual treatments and years ranged widely from 6.9 to 9.1 t ha À1 under N0 and from 9.3 to 13.2 t ha À1 under N2 over the 3-year period, and the 3-year mean value across treatments ranged from 7.8 to 8.7 t ha À1 under N0 and from 11.1 to 11.9 t ha À1 under N2. In general, mean system productivity followed the sequence of PM > TF > SM under N0 and of TF > PM > SM under N2. Across years and treatments, system productivity was greater under N2 than under N0.
Nitrogen uptake by rice and wheat
Non-flooded mulching cultivation significantly affected crop N uptake as shown in Values of residual soil N min from the top 60 cm of the soil profile as influenced by N rate are presented in Fig. 2 . Statistical analysis indicates that N rate significantly affected residual soil N min after the wheat harvest. Residual soil N min increased with N fertilizer application. Significant differences were observed between N0 or N1 and N2 or N3 over the 3-year period. However, during the 2000 and 2002 seasons, no differences were observed among the four N rates after the rice harvest, but during the 2001 season N3 was similar to N2 and much lower than N1 or N0, presumably because of luxury uptake of N by rice under N3 (Table 4) .
Effects of non-flooded mulching cultivation on residual soil N min
The amounts of residual soil N min from 0-60 cm after the wheat harvest were consistently higher than those after the rice harvest over the 3-year period (Fig. 3) . Residual soil N min after the rice harvest ranged from 50 to 65 kg ha À1 and was unaffected by either PM or SM treatments. Residual soil N min after the wheat harvest ranged from 82 to 88 kg ha Across the years, residual soil N min values were usually higher in the surface 0-20 cm layer than in the lower depths irrespective of treatment (data not shown). This may be due to higher soil organic N levels and more favourable conditions for mineralization and nitrification in the top 20 cm of soil than in the deeper layers (Hadas et al., 1986; Sahrawat, 1983) . Table 4 lists the extractable soil NH 4 -N and NO 3 -N after each crop harvest in the three cultivation systems. The extractable soil NH 4 -N and NO 3 -N after the rice harvest was greatly influenced by non-flooded mulching cultivation. After the rice harvest in the 2001 and 2002 seasons, the extractable soil NH 4 -N under TF was significantly higher than under PM and SM. In contrast, soil NO 3 -N under PM and SM was significantly higher than under TF. This was likely to be because non-flooding mulching cultivations favour aerobic N transformations, resulting in nitrification of NH 4 -N to NO 3 -N. There were no statistical differences in extractable soil NH 4 -N and NO 3 -N after the wheat harvest among the three cultivation systems over three experimental years, with the sole exception of NH 4 -N in 2000/2001 season.
Extractable soil NH 4 -N and NO 3 -N
Net N balance
The net N balances in the three cultivation systems with four N rates are presented in Table 5 . Net N balance ranged widely from À360 to 621 kg ha À1 , and was related mainly to the applied N rate over the treatments. In the higher N treatments (N2 and N3), the net N balances were 164, 160 and 259 kg ha À1 for TF, PM and SM under N2, and 500, 512 and 621 kg ha À1 for TF, PM and SM under N3, respectively. In contrast, in the 0 kg N ha À1 (N0) and 135 kg N ha À1 (N1) treatments the total N outputs were consistently higher than the N inputs, with the exception of N1 under SM. This resulted in a negative balance, ranging from À360 to À85 kg ha À1 . In comparison to TF, SM led to a higher net N balance due to the additional input from wheat straw as mulching material and the lower N removal by crops across the N treatments. However, there were no clear difference found between PM and TF in the net N balance.
Discussion
Our results demonstrate the interactive effects of non-flooded mulching cultivation and N rate on crop c The total N uptake by rice and wheat during three rotation period.
yield, system productivity, crop N uptake and N cycling. Moreover, despite year-to-year variations in climatic conditions, these effects were remarkably consistent. Non-flooded mulching cultivation for rice, a new water-saving technology, greatly reduced the duration of soil submergence. In the six consecutive cropping seasons from May 2000 to 2003, the soil was submerged for 30% of the time in TF systems and only 10% in the non-flooded mulching cultivation systems. These differences in hydrological status had large effects on crop yields and system productivity under low N rates (N0 and N1), but relatively small effects under high N rates (N2 and N3). On the other hand, crop yield, N uptake and net N balance were quite sensitive to N rate during the experimental period.
Crop yields and system productivity
Significant grain yield responses to N fertilization were evident during the 3-year period (Table 1) . However, N application rates above 150 kg N ha À1 for rice and 120 kg N ha À1 for wheat (N2) led to increased crop N uptake (Table 3) and N balance surplus (Table  5 ) without a corresponding increase in grain yield in the three systems. Other studies in China have also shown that both wheat and rice may attain higher yields when fertilizer N (from 120 to 150 kg N ha À1 ) is combined with suitable P and/or K applications (Zhu, 1999) . In some long-term rice-wheat experiments in India, the recommended N application rate (120 kg N ha À1 for both rice and wheat) either reduced the rate of yield decline or reversed the trend (Yadav et al., 2000) . However, NPK fertilizer applied once as a basal application during the rice season in the present study would not be conducive to efficient use of nutrients (especially N) and would need to be modified on the basis of further studies on rice-wheat rotations.
The 14% increase in rice grain yield in PM and the 16% decrease in rice grain yield in SM under lower N levels (N0 and N1) compared with TF may be ascribed mainly to temperature differences in the surface soil in the three cultivation systems at early growth stages of rice. PM increased the daily mean temperature of surface soil and seasonal cumulative heat units, but soil temperatures in SM were much lower than in TF or PM (Liu et al., 2003; Peng et al., 1999; Parker and Larson, 1962) . Higher temperatures are favourable for N mineralization (Wilson and Jefferies, 1996; Bernhard-Reversat, 1988) and enhance plant N uptake (Liu and Muller, 1993) . Thus, N deficiency as a result of zero or inadequate N fertilizer may be alleviated. In addition, Shen et al. (1997) reported that plastic film mulching cultivation produced larger and more vigorous root systems and increased early tillering of rice due to higher temperatures. Thus, PM attained higher rice yields than TF and SM. Lower temperatures of surface soil and N immobilization caused by the initial degradation of wheat residues in the SM treatment, however, may contribute to lowered available N for rice and therefore decreases in rice yield and N uptake (Rao and Mikkelsen, 1976; Jenkinson, 1985; Liu et al., 2003) .
Under N2 and N3, N was not a factor limiting rice growth at early stages as large quantities of fertilizer N were applied. As a result, the effect of N mineralization resulting from different temperatures on plant available N may be negligible. Thus, the three cultivation systems produced similar yields. Previous studies have also indicated that rice yields in mulching cultivation, including plastic film mulching and crop straw mulching, were higher than or similar to those in traditional flooded cultivation Wu et al., 1999; Fan et al., 2002) . However, the present study does not support the findings of Liu et al. (2003) that SM decreased rice yield under N2, compared with TF. At present, the different trends in the two studies cannot be explained.
Wheat yields did not differ significantly between PM and TF. However, wheat straw mulching (SM) in the preceding rice season had a residual effect on succeeding wheat as evidenced by the higher wheat yield in SM than in PM or TF under N0. The larger fraction of wheat straw remaining in the soil by the end of the rice crop is likely to decompose during the wheat season and may determine residual effects on N supply capacity and soil productivity. Eagle et al. (2000) reported that rice yields in zero-N plots in which rice straw was retained by incorporation and rolling were greater by the third year of the experiment compared with other treatments such as burning and removal of rice straw. A treatment in which straw was applied surpassed a zero-fertilizer treatment in both N uptake and yield by the second season in a study conducted in the Philippines (Becker et al., 1994) . Aulakh et al. (2000) also reported residual effects of green manure on wheat yields in rice-wheat rotations.
System productivity (combined grain yields of rice and wheat) under PM was similar to that in TF across N treatments. In contrast, system productivity under SM was consistently lower than in the TF and PM treatments. Such trends may be ascribed to the effect of decreasing rice yields in SM.
Net N balance and residual soil N min
The N balance may have been largely influenced by N losses and N inputs that were not measured directly. In the present study, higher N inputs (N2 and N3) led to higher N balance surplus, while low N inputs (N0 and N1) resulted in balance deficits. This indicates that fertilizer N losses occurred mainly under higher fertilizer inputs, and this pattern was less pronounced under non-flooded mulching cultivation.
Among the three cultivation systems, SM led to the highest net N balance. Similar result has been reported by Liu et al. (2003) in R-W systems. Retention of straw on the surface also increased soil nitrate concentrations, N uptake, and yield compared to burning (Bacon, 1987; Bacon and Cooper, 1985a,b) . Thus, SM may be a good option from the viewpoint of N balance and soil fertility. There are often concerns about increased greenhouse gas emissions (e.g. N 2 O and CH 4 ) when straw is returned to the soil (Bronson et al., 1997) , but burning rice straw releases amounts of both N 2 O and CH 4 comparable with those from decomposing straw (Yoshinori and Kanno, 1997) . In this context, there was no clear difference found in net N balance between TF and PM. However, the N balance was underestimated, especially under TF conditions, due to input from biological N 2 fixation was not accounted for. In the non-flooded cultivation system, N inputs from biological N 2 fixation may be small because it is generally thought the well-aerated soil lead to relatively small biological N 2 fixation (Bohlool et al., 1992; Kennedy and Tchan, 1997) .
Soil mineral N in the top 60 cm of the soil after the rice harvest was less affected by non-flooded mulching cultivation and N rate, ranging from 50 to 65 kg ha À1 over treatments and years. This may be ascribed to large N losses occurring in the rice season (Ai, 2003) . However, the primary N loss pathways are likely to have differed among the three cultivation systems. Although N losses due to leaching cannot be ruled out in the present experiment, most gaseous N losses in TF appear to be due to ammonia volatilization (Fillery and De Datta, 1986; Zhu, 1997) . Midseason aeration in TF, which is practiced widely in the Chengdu plain, resulted in increased N 2 O emission (Cai et al., 1999; Yan et al., 2000) and this may also be responsible for gaseous N losses. The present study does not indicate the lower N loss resulting from reducing ammonia volatilization that we would expect to find under non-flooded mulching cultivation. Our interpretation is that non-flooded mulching cultivation systems are almost equivalent to rain fed lowland rice fields in which erratic rainfall can lead to alternate cycles of soil drying and wetting during the rice growing period thereby enhancing N losses through nitrification-denitrification (Buresh and De Datta, 1990; Abao et al., 2000) . The higher NO 3 -N accumulation after rice harvest under PM and SM than that under TF appears to confirm this interpretation (Table 4) . Dittert et al. (2002) and Li et al. (2003) also found that non-flooded mulching rice cultivation increased N 2 O emissions, and these emissions were closely linked to N fertilizer application events.
On the other hand, a larger N accumulation after the wheat harvest than after the rice harvest was observed, which increased with increasing fertilizer N application. Average NO 3 -N content across cultivation systems ranged from 23 to 51 kg ha
À1
, accounting for about 32-62% of residual N min . Buresh et al. (1989) reported NO 3 -N levels of 39-91 kg N ha À1 in the top 60 cm soil layer at onset of the wet season in a mungbean/lowland rice systems in the Philippines. The evidence indicates, however, that large amounts of accumulated soil NO 3 À -N during the wheat season may be lost from rice lowlands upon the flooding of aerobic soil for rice production (Buresh et al., 1989; George et al., 1992; Ladha et al., 2000) . Achievement of efficient use of N by the whole system requires that the wheat crop leave as little mineral N as possible at the end of the season.
Conclusions
The present study shows that crops responded to fertilizer N rates up to N2 (150 kg ha À1 N for rice and 120 kg ha À1 N for wheat) in three cultivation systems. Under the recommended fertilizer N input (N2), nonflooded mulching cultivation may be utilized as an alternative option for saving water, using efficiently straw and maintaining or improving crop yield in ricewheat rotation systems. Fertilizer N input as N2, on the other hand, resulted in a trade-off between the positive effects on crop yield (as shown in Table 1 ) and the negative effect on N cycling (as shown by increased risk of N losses). There is, therefore, a need to develop a fertilizer management strategy that ensures an adequate nutrient supply for high and stable overall productivity of rice-wheat rations and sound environmental protection under non-flooded mulching cultivation.
